The use of ultra wideband (UWB) radio technology in outdoor environments at longer ranges is gaining interest in a number of application areas. This effort presents the results of a UWB channel model study based on a data collection campaign in three outdoor channel environments: open campus, dense forest, and urban at distances up to 70 m. The aim is to present fundamental results in different channel conditions so as to lay the groundwork for developing effective outdoor UWB systems. Parameters extracted from the experimental data closely match parameters generated by the IEEE 802.15.4a UWB channel model, indicating that this model can be used to analyse properties of a wider range of outdoor channel environments than has been reported. The frequency dependent path loss and channel capacity, calculated for each channel, indicate that UWB is a feasible candidate for several longer range outdoor applications.
Introduction
The inherent properties of ultra wideband (UWB) radio are useful in several types of outdoor applications that require longer distances and have lower data rate needs when compared to typical indoor applications. The huge bandwidth provides a building block for positioning systems that can be effectively integrated with GPS, or they can provide an independent position solution in the event that GPS services are unavailable or degraded. These systems are being investigated for use in semi-autonomous vehicle systems in defense, construction, and agriculture applications. The extremely low transmit power of UWB radios makes them power efficient and difficult to detect, which are important properties for sensor networks that are of interest to the military, homeland security, and police to monitor specific areas for long periods. As these applications continue to evolve, there will be increased use of UWB radio systems in outdoor environments and at extended ranges.
An effective modelling capability is needed to analyse system performance for outdoor UWB applications. The channel impulse response (CIR) and other fundamental channel properties provide important information regarding the capabilities and limitations of these UWB systems as well as insight into UWB transceiver design considerations. This effort presents a characterisation of outdoor UWB channels at distances up to 70 m in campus, dense forest, and urban environments. The aim of this study is to provide fundamental characteristics of for these UWB channels (e.g., CIR, channel capacity, delay spread) and to compare the measured results to the IEEE 802.15.4a UWB channel model (Molisch et al., 2007) . From the results we conclude that with the proper parameter settings, the IEEE 802.15.4a model can be used to model various outdoor channel environments. The frequency dependent path loss and channel capacity are also presented for each channel.
Previous work
The wide range of potential UWB applications have motivated numerous channel model studies. A comprehensive report for UWB channel model is presented by the IEEE 802.15.4a working group in Molisch et al. (2006 Molisch et al. ( , 2007 for several notable cases, including indoor residential and office spaces, industrial environments, body area networks, suburban microcell, and open outdoor environments. This model, based on the S-V model (Saleh and Valenzuela, 1987) , offers a flexible statistical model with a number of parameters that can be tuned to analyse different channel environments.
Fundamental results in several diverse environments have been studied in Cramer et al. (2002) , Schuster and Bolcskei (2007) , Ott et al. (2009), Chong and Yong (2005) , Li et al. (2005) , Peng (2009), Xiang (2007) , Richardson et al. (2006) , Emami et al. (2004 Emami et al. ( , 2005 , Renzo et al. (2006) , Liang and Cheng (2008) , Kim et al. (2005) and Kannan et al. (2004) . Results for indoor channel environments are provided in Cramer et al. (2002) , Schuster and Bolcskei (2007) , Ott et al. (2009), Chong and Yong (2005) , Li et al. (2005) and Sun and Peng (2009) . Vehicular environments are studied in Xiang (2007) and Richardson et al. (2006) .
Various Outdoor channels are examined in Molisch et al. (2006 Molisch et al. ( , 2007 , Emami et al. (2004 Emami et al. ( , 2005 , Renzo et al. (2006) , Liang and Cheng (2008) , Kim et al. (2005) and Kannan et al. (2004) . Suburban-like microcell and open farm land are discussed in Molisch et al. (2006 Molisch et al. ( , 2007 . The suburban microcell addresses short range channels in suburban environments. The outdoor channel assessment covers large open spaces with few reflective obstructions.
Statistical parameters specific to these environments are presented for cluster and ray arrival and decay rates. The report of Emami et al. (2004) provides background information for the measurement results and analysis for ranges up to 75 m on a farm. In Emami et al. (2005) , results are presented for ray tracing techniques used to derive an outdoor channel model based on narrow band channel sounding. In Renzo et al. (2006) a study is presented for forested, hilly, and suburban environments at distances up to 60 m, 70 m, and 52 m respectively. The authors provide a statistical model and report on the path loss exponent, mean received power, and delay spread. The mean delay spread ranges from 10 ns in the forested channel to 32 ns in the sub urban channel. The path loss exponent varies from 2 to 3.5, and log normal shadowing is observed. The forested environment has sparse underbrush and a thin canopy. In Renzo et al. (2006) , a study of radar emissions for narrow band and UWB signals in the 0.1 GHz to 3 GHz range is presented for a forested environment at ranges up to 120 m. The channel model is constructed and the clustering effect is verified with clusters and rays, modelled as Poisson processes. The author reports that the UWB CIR from 0.1 GHz-3.0 GHz can be modelled as linear time-variant filter. A statistical model is described in Kim et al. (2005) for outdoor office environments in the 3GHz-6GHz range for line-of-sight (LOS) and non-line-of-sight (NLOS) cases. The authors present results for small scale outdoor office environments in Kannan et al. (2004) .
The main goal of this paper is to present the results of a measurement campaign in several outdoor channels that provide insight into capabilities and limitations of UWB radio in extended range, outdoor environments. The channel response is collected at fixed intervals in each channel environment. The CIR is derived from the channel response data using a modified clean algorithm. Fundamental channel properties such as delay spread and number of multipath components (MPCs) are determined. The results are compared with data generated using the IEEE 802.15.4a model and we observe strong agreement in terms of the distribution of normalised amplitude, 2 , α and RMS delay spread, τ RMS . The frequency dependent path loss and channel capacity are also calculated for each channel. The first channel is a campus environment (e.g., university, corporate) that consists of large buildings separated by distances of 50 m to 100 m with sparsely placed trees and grass and cement ground surfaces. The second environment is a dense forest with a thick overhead canopy of mixed conifer and deciduous trees and heavy underbrush that covers the ground. The third channel is an urban channel that is surrounded by buildings that range from three to five stories in height. There are brick, metal, cement, and glass vertical surfaces and cement ground surfaces.
In the next section, we describe the experimental data collection. Section 3 compares the result of the measured CIR with the IEEE 80-2.15.4a model. Section 4 summarises our results.
UWB testbed and experimental data collection
The UWB channel measurements were gathered in three different types of channels. The campus channel has a 70 m LOS propagation path with grass and cement surfaces. 
The data was collected using a time domain P210 evaluation kit based on the PulsON 200 UWB radio chip set Richardson et al. (2006) . The radio transmits a time hopped pulse train with a 9.6 MHz pulse rate and time hop code of length 16. Time hopping codes are used to generate a pseudo random time offset for each pulse to provide channelisation and smoothing of the spectral characteristics.
The pulse width at the internal SRD diode is 0.235 ns and has a geometric centre frequency of f c = 4.26 GHz. Measured 10 dB frequency response of the radio is from 3.1 GHz to 6 Ghz. This tool allows for capture of a 170 ns waveform at a 3 ps sampling rate. The captured data, representing the channel response and noise, is saved as a file for further processing. In our analysis we first extract the CIR from the captured waveform. From this data we determine the channel delay spread parameters, channel capacity, and path loss. The captured waveform consists of the actual detected sampled signal which can be approximated as:
where n(t) is additive white Gaussian noise, α k is the amplitude scaling constant, and w(t) expresses the convolution/correlation template waveform. The number of MPCs and the delay of the k th MPC are given by K and τ k , respectively. The CIR can be expressed as:
The modified CLEAN algorithm (Deng, 2004) with energy stopping and orthogonality routine is used to de-convolve and compute α k and τ k components of the CIR. With the recovered CIR, it is possible to generate the estimated channel pulse response by convolving the template waveform w(t) with the CIR(t) through,
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During the data collection, a pair of UWB radios were used to generate and capture a pulse stream. Both radios were placed at a height of 1.5 m about the ground and five measurements were taken at 5 m intervals for different path lengths. Maximum distances were constrained by the length of the unobstructed channel available in each case. For the campus, forested, and urban channels, distances were from 10 m to 70 m, 10 m to 50 m and 10 m to 60 m, respectively.
Parameterisation of CIR results and comparison to IEEE 802.15.4A outdoor channel model
From the CIR, we determine the common parameters used to characterise a channel, including RMS delay spread, In the urban channel, we observed that delay spread results in significant adjacent channel interference when a weak received signal encounters a nearby transmitted signal on different orthogonal TH codes. This effect was much more subdued in both the open and forested channel. The forested channel has dense overhead canopy and surrounding foliage of small leaves, grass, and twigs that leave a narrow unobstructed path between radios. The trees have trunks ranging from 2 to 20 inches in diameter. The sparsely spaced large objects such as tree trunks should result in correlated MPCs at the receiver, while densely spaced smaller objects such as pine needles, twigs, small leaves represent rough surfaces that generate random scattering.
802.15.4a UWB channel model
The IEEE 802.15.4a working group has defined a model to express the CIR for outdoor UWB channels (Molisch et al., 2007) . The model predicts the arrival of MPCs as clusters with each cluster consisting of some number of rays. In this model, the number of cluster follows a Poisson process with an arrival rate of Λ and the distribution of the interval between clusters follows an exponential distribution given by (4):
where T l is the delay of the l th cluster. The number of rays is modelled as a combined Poisson process because of a discrepancy in fitting indoor residential and indoor/outdoor office environments given by (5).
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The mixture probability is β, λ 1 and λ 2 are two ray arrival rates, and τ k,l is the delay of the k th MPC relative to the instance of T l . The number of clusters, L, is assumed to be Poisson distributed with a mean value of L and T 0 = 0 and τ 0,l = 0, by definition. The outdoor channel model assumes relatively few reflective objects. In Emami et al. (2004) , an S-V model for outdoor open environments is described where the rays are modelled by a single Poisson process.
Equation (4) is modified so that β ≡ 1 and λ 2 ≡ 0, thus,
The cluster powers and cluster shapes are determined by three parameters: inter cluster decay constant, Γ(ns), the intra-cluster decay time constant k r , γ 0 , and cluster shadowing variance (dB), σ cluster . The CIR consists of a LOS signal, if it exists, and many resolvable MPCs, with corresponding gains, and arrival terms, expressed as:
where a k,l is the tap weight of the k th component in the l is the cluster decay factor and γ the ray decay factor.
Model parameters
The parameters for the IEEE 802.15.4a model are computed for measured data using a global search method that minimises the sum of mean square errors between measured and model generated values for τ RMS , , τ and N p to a given threshold. The mapping between modelled and experimental data shows better results using a mixed Poisson process similar to the approach described in Emami et al. (2005) . For the forested channel, the data generated by the IEEE 802.15.4a model has the largest deviation from the experimental data. This is because small objects in the channel (e.g., twigs, pine needles, and leaves) cause random scattering of MPCs. This scattering reduces the energy per cluster arriving at the receiver, compared to cases when a cluster reflects off a large object. The integrated energy in the l th cluster is defined in the IEEE 802.15.4a model as:
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where M cluster is a normally distributed random variable with deviation σ cluster . For the densely forested channel, we add an additional term, SF, to Ω l to allow the existing channel model to better match the experimental results. This term can be also modelled by assigning a non-zero mean value to M cluster . The modified cluster energy is given as, ( ) 10 log 10 log exp .
the cluster energy lost to scattering in a dense forested environment is represented by SF. Table 1 summarises the model parameters derived from the experimental data. α from top to bottom for experimental and modelled data for forested channels, urban channels, and campus channels
We have shown that the data generated by IEEE model correlates well with experimental data indicating that the model can be useful in analysis of these types of channels. The IEEE 801.15.4a channel model can be used for extensive modelling of these environments once the basic channel parameters have been extracted through experimental environments. This allows developers of outdoor UWB systems to obtain quantified estimates of important system parameters such as coverage area, data rate, and reliability. The results also suggest that the IEEE 802.15.4a model is flexible enough to be used in a wide range of outdoor UWB channel environments. In addition, the frequency dependent path loss and channel capacity for different UWB channels are derived which characterise the performance limits for these channels.
